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Abstract
Arbuscular mycorrhizal fungi (AMF) are a common, well-studied symbiotic relationship. Controls on the
magnitude and direction of plant mycorrhizal growth response (MGR) remain obscured. Specifically, the
influence of light availability in the MGR of an invasive forb, spotted knapweed Centaurea stoebe, has not
been studied. Greenhouse studies exploring the growth response of knapweed to arbuscular mycorrhizae
(AM) often fail to report light intensity levels, which could impact the quality of their data. I conducted
a greenhouse experiment studying the MGR in spotted knapweed under shaded and unshaded conditions,
designed to approximate light availability in ambient greenhouse and full-sun conditions, respectively. I found
that AMF decreased biomass of plants in unshaded conditions, but had no effect under shaded conditions. I
suggest possible explanations for the observed negative MGR and conclude that light availability affects the
MGR of spotted knapweed.
1 Introduction
1.1 Arbuscular Mycorrhizal Fungi
Arbuscular mycorrhizal fungi associate with plants to form one of the most common symbioses found in ter-
restrial ecosystems. They form in the vast majority of vascular plant species, and many of these relationships
are well-studied. Yet, there are remaining facets of this relationship needing further investigation, including
the physiologic responses driving the magnitude of the mycorrhizal growth response (MGR). Usually, the
symbiosis is mutualistic, but in some cases the fungi parasitizes its host, decreasing plant fitness if the costs
of the symbiosis are greater than the benefits. The costs and benefits of the symbiosis to the plant are not
readily quantified, and can be confounded by factors such as the nutrient content of the soil, AMF coloniza-
tion aggressiveness, and light availability (Graham and Abbott, 2000; Johnson, Graham, and Smith, 1997).
A more comprehensive understanding of the influence of abiotic factors on MGR would more clearly define
the role of mycorrhizae in the ecosystem. Additionally, this information would help researchers decouple the
effect of those factors from the effect of experimental treatments, thereby improving experimental design.
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1.2 AMF Experiments and Greenhouse Conditions
The greenhouse is a popular setting for mycorrhizal experiments, due to the increased ability to control factors
like water availability and temperature. However, one challenge to conducting experiments in a greenhouse is
accounting for variability in microclimates. Specifically, light availability is often visibly heterogeneous across
a greenhouse. This unevenness is especially problematic if it is in the form of patches of light or shadows,
rather than a smooth trend in brightness. Some researchers have attempted to minimize this variability by
devising conveyor systems that rotate plants throughout the experimental set-up (Hardy and Blumenthal,
2008) while others maintain that, in general, it is more effective to account for variability using statistical
methods (Brien, Berger, Rabie, and Tester, 2013).
Yet, there may be a second challenge to AM greenhouse experiments; light availability may simply be too
low. Several field studies have shown that AM colonization can be hampered by shading (Bethlenfalvay and
Pacovsky, 1983; Heinemeyer et al., 2004) indicating that sufficiently lowered light availability in a greenhouse
could impact colonization or growth response, even in control groups.
The reduced colonization is thought to be linked to insufficient C flow to the fungi, resulting in a loss of P flow
to the plant. One study demonstrated that reduced light availability is followed by fungi halting phosphorus
transfer within a few days, suggesting that even short greenhouse experiments may be adversely affected
by greenhouse lighting conditions (Konvalinková and Jansa, 2016). In the context of field experiments, this
relationship may lead to a better understanding of interactions between shade and AM plants; however,
in the context of greenhouse experiments, it indicates more attention should be given to monitoring (and
potentially altering) lighting conditions.
1.3 AMF Importance to Invasive Plant Ecology
Invasive plants are an important area of research due to their impact on natural resources such as timber and
livestock forage. Association between one such invasive plant, spotted knapweed textitCentaurea stoebe and
AMF has been studied in both field and greenhouse conditions (Bunn, Lekberg, Gallagher, Rosendahl, and
Ramsey, 2014; Marler, Zabinski, and Callaway, 1999). Like other plants, their growth is often improved by
mycorrhizal symbiosis enhancing access to P and N. Spotted knapweed can form associations with numerous
AMF taxa, and in some cases can increase the diversity of AMF communities relative to native vegetation
(Lekberg, Gibbons, Rosendahl, and Ramsey, 2013). Researchers have studied a number of factors affecting
mycorrhizae in spotted knapweed, including investigating the effect of soil age on knapweed response to
2
AMF (Harner, Mummey, Stanford, and Rillig, 2010) and assessing whether AMF actively mediates invasion
(Bunn et al., 2014).
The effect of light intensity on spotted knapweed growth response to AMF, however, has not been specifically
addressed. Some studies have demonstrated a positive relationship between light availability and growth
response to mycorrhizal associations in other species (Bethlenfalvay and Pacovsky, 1983; Whitbeck, 2001).
However, others have shown that this relationship can be highly unpredictable, particularly with regard to
resource allocation within the plant (Gehring, 2003; Korhonen, Kytöviita, and Siikamäki, 2004). The effect
of light intensity on one species, therefore, cannot be extrapolated to others. Specific research on this topic
would benefit future studies working with spotted knapweed.
1.4 Study Questions
I conducted a greenhouse experiment studying the growth response of spotted knapweed to mycorrhizae in
shaded and unshaded conditions. I asked the following research questions:
1. Does AM root colonization in spotted knapweed differ in low and high light intensity?
2. Is spotted knapweed biomass affected by AM colonization differently in low and high light intensity?
3. Is spotted knapweed biomass allocation affected by AM colonization differently in low and high light
intensity?
Based on the results of previous experiments detecting influence of light availability on MGR, I made the
following predictions:
1. AM root colonization in plants will be greater when there is higher light availability because it will
lead to increased transfer of photosynthate to the fungi (Heinemeyer et al., 2004; Whitbeck, 2001).
2. When light availability is high, plant biomass increases with increasing AM colonization while in low
light intensity, plant biomass decreases with increasing AM colonization. We expected the costs of the
symbiosis to exceed benefits in low light conditions, according to the mutualism-parasitism continuum
of mycorrhizal associations (Bethlenfalvay Pacovsky, 1983; Johnson et al., 1997).
3. In the mycorrhizal treatment, plant root:shoot ratio will be higher than in non-mycorrhizal plants
because mycorrhizae will enhance access to nutrients and plants will be able to dedicate more energy
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to shoot biomass. In high light intensity conditions, this allocation response will be amplified compared
to low light intensity, because colonization activity will be greater in high light availability (Bray, 2003).
2 Methods
2.1 Experimental Design
I grew 40 spotted knapweed plants in a greenhouse under supplementary light for 2.5 months. For my soil
biota treatment, 20 plants were grown with mycorrhizae and 20 without. Of each soil biota treatment, 10
were grown in shaded conditions and 10 unshaded. I grew plants in 10 groups of 4 (one of each treatment
combination), and hung one supplemental light over each group. I compared the growth response of plants
to mycorrhizae in high light and low light conditions.
Growth response was quantified using biomass and leaf area data. Treatments were verified by photosynthet-
ically active radiation measurements during plant growth for light, and detecting evidence of colonization
on root slides. Colonization will be more precisely quantified in a later manuscript.
2.2 Soil Biota Treatment
I collected soil from the rooting zone of a spotted knapweed population at Birch Bay State Park in Birch Bay,
Washington on June 1, 2017. I collected approximately 20 L for growing medium, and 4 L for mycorrhizal
inoculation. Soil was collected from 5 sites along a 1500 m section of road adjacent to the beach. It was too
early in the season for spotted knapweed to grow, but roots collected from the previous year’s plants were
colonized.
I mixed soil with sand and turface to make a potting mix which had a 2:1:1 composition for soil:sand:turface.
This growing medium was sterilized in a soil sterilizer at 200 F for 2 hours, then allowed to rest 24 hours,
then sterilized again at 200 F for another 2 hours.
Inoculum soil was either “live,” for mycorrhizal plants, or sterile for non-mycorrhizal plants. Live inoculum
was sieved to 4 mm. Sterile inoculum was sieved to 4 mm, sterilized in an autoclave for 2 hours, allowed to
rest for 21 hours, then sterilized in the autoclave for 2 hours again.
I prepared a microbial wash to reintroduce a portion of the microbial community to non-mycorrhizal treat-
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ment plants. AM spores are typically larger than 20m, therefore a ¡20m fraction wash would introduce only
non AM microbes to the control treatment soil. To prepare this wash, I added 600 ml DI water to 200 ml
field soil. I mixed the water and soil by hand for 1 minute and allowed it to settle for another minute. The
mixture did not readily filter through an 11m filter, so I first “pre-filtered” the wash through 40 m filter
paper (VWR qualitative filter paper-417). I then filtered the wash through a 20-25m paper filter (Whatman
qualitative filter). Finally, I filtered the wash through a 20.0 m membrane disk (Magna Nylon 47mm Mem-
brane Disk). I repeated the above filtration process three times to produce approximately 2 L of microbial
wash.
2.3 Light Treatment
Shade frames were designed and constructed by Jim Mullen at WWU Scientific Technical Services. I mea-
sured average lighting conditions in the greenhouse and outdoors on the afternoon of June 06, 2017 with an
Accumet Quantum PAR Meter. Outdoors PAR was 585-865 mol/m2/second. Clouds passing over the sun
were responsible for the variability in this estimate. In the greenhouse PAR was 100-329 mol/m2/second.
To modify the lighting conditions to approximate outdoor conditions for unshaded plants and greenhouse
conditions for shaded plants, it was necessary to add a supplemental light over each block of plants. I found
that a 36W TaoTronics LED Grow Light (Model: TT-GL 230) would increase the PAR to unshaded plants
by approximately 300 mol/m2/second, sufficient to more closely mimic outdoor lighting. Each light has 12
smaller bulbs, which emit light at 660 (3), 630 (7), and 460 (2) nm at a 60 beam angle.
To mimic greenhouse conditions for shaded plants, I hung 50% shade cloth (Easyshade 50% Sunscreen Black
Shade Cloth UV Fabric) above half of each block of plants, about 4 cm below each light. It was necessary to
adjust the height of the shade cloth and light to account for lighting variability due to shadows and sunny
spots in the greenhouse. An effective arrangement of shade cloth, light and plants was achieved on July
25, 2017. I adjusted the height of the shade cloth and light periodically as the plants grew to maintain a
relatively constant distance between the plant leaves and the light treatment. I also moved the lights up
slightly on August 15 upon noticing that many plants had developed a dark purple discoloration where the
light struck them most intensely. I measured PAR in duplicate at each plant, at leaf level 7 times throughout
the experiment to confirm the light treatment.
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2.4 Planting
Spotted knapweed seeds were collected from Ferndale, WA in October 2015. I sterilized seeds by soaking
them in hydrogen peroxide for 20 minutes. I planted seeds in sterile vermiculite, and kept them moist with
water for 10 days before transplanting. All seeds had germinated within 6 days of planting.
I washed 4 in. plastic pots and soaked them in a 10% bleach solution. I added 600 ml of sterile potting
mix, 100 ml inoculum as described above, and capped with more sterile potting mix to bring the growing
medium level to 1 cm below the top of the pot. I then transplanted one seedling to each of 40 plastic pots.
I numbered plants and randomly assigned each a soil biota treatment, light treatment, and position in a
shade frame. The position of the light treatment in each shade frame relative to the greenhouse was also
randomly selected. I grew plants in blocks of four, with 1 plant per treatment combination in every block.
I added 100 ml of microbial wash to each non-mycorrhizal plant, and 100 ml of DI water to each mycorrhizal
plant 2 days after transplanting seedlings.
2.5 Data Collection
Non-destructive measurements were completed on September 19 and 21, 2017. I measured the length of the
longest (unsenesced) leaf, the distance from the base to the first lobe of each leaf, counted the number of
purple leaves, and recorded whether the plant showed signs of leaf curl. A leaf was recorded as purple if it
was at least 50% discolored.
I began destructive measurements on September 20 and completed them on September 23, 2017. To capture
any variability in harvesting techniques, I harvested plants one block at time. After cleaning and separating
roots, I separated shoot mass from root mass at the shoot-root interface. From the shoot portion, I selected
and removed the most recent fully formed leaf. I defined fully formed as being completely opened, with all
lobes completely opened as well. I scanned this leaf for measuring leaf area, and simultaneously scanned a
ruler with each leaf for scale.
To accommodate ease of slide making, I subsampled from the wet root mass. The root mass was scored and
sampled for making slides to investigate colonization. Using an X-Acto knife sterilized with a 10% bleach
solution, I haphazardly cut four 2 cm x 2 cm squares from throughout the fine roots, thus sampling a total
of 1-1.5 g from each root mass. Sample mass was recorded to the nearest 0.01 g. I cut one third of this
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sample and put it in a PCR tube. I divided the remaining sample into two biopsy cassettes to be cleared
and stained. Finally, I massed the remaining root mass. I put biopsy cassettes in DI water and froze PCR
tubes within 8 hours of sampling. I oven dried the remaining roots, the shoot material and separated leaves
for 48 hours at 60 ◦C. Dry biomass was recorded to the nearest 0.01 g.
To stain roots for preparing slides, I first cleared root samples with 2.5% KOH for 72 hours. Roots must be
acidified for trypan blue to bind to them, so I acidified roots using 3% HCl for 10 hours. Root acidification
timing is flexible, I chose 10 hours to accommodate the staining timeline. I transferred roots from the 3%
HCL solution to 0.05% trypan blue stain, and transferred them to DI water after 13 hours.
For each slide, I mounted six 1-1.5 cm root segments under each of two coverslips, applying lacto-glycerol as
a mounting medium.
I measured leaf area using ImageJ (Schindelin et al, 2012). Specific leaf area was calculated by dividing leaf
area by leaf mass.
2.6 Analysis
I conducted all statistical analysis using R (R Core Team, 2016), via RStudio (RStudio Team, 2015). I made
all plots using ggplot2 (Wickham, 2009).
To account for the portion of root mass sampled for slides, I developed a linear regression to predict the
difference between dry and wet mass, using the remaining root mass. The regression equation is
y = 0.16x− 0.11 (1)
where y is the dry mass (g) and x is wet mass (g) (pcoefficient =2.0*10
-16, Adj. R2=0.93). Using this equation,
I calculated each root sample’s biomass and added it to the remaining root mass, to yield total root biomass.
My goal was to determine if the growth response to mycorrhizae depended on light availability. I therefore
tested for significant differences and interaction between treatments using two-way analysis of variance
(ANOVA). I assigned each shade frame a number and used this as a blocking factor to account for spatial
variability in the greenhouse.
Note that I did detect departure from normality in some variables and treatments. I chose to conduct
ANOVA without transformations to make interpretation of interaction results as simple as possible and
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because ANOVA tests are robust to departures from normality.
For each significant factor found in the ANOVA tests, I used a paired, two sample t-test to determine which




My experiment primarily addressed biomass response to varying light availability and soil biota. Mycorrhizal
plants had a lower mean biomass than non-mycorrhizal plants in the unshaded treatments. Unshaded plants
grown without AMF had a mean mass of 4.48(±0.28) g. This was over 40% higher than plants grown with
AMF, which had a mean mass of 3.18(±0.23) g. There was no difference in biomass between soil biota
treatments when plants were shaded (Figure 1a) I found parallel results for shoot and root mass (Fig. 1b,
c).
Biomass was higher in unshaded compared to shaded plants in non-mycorrhizal and mycorrhizal treatments.
Total biomass was higher in unshaded plants both when non-mycorrhizal (t = 4.0, p = 0.0033), and when
mycorrhizal (t = 3.5, p = 0.0069). Root and shoot mass comparisons yielded similar results (Table 1).
There was no significant difference in root:shoot ratios between soil biota treatments (F = 3.1, p = 0.086)
(Fig. 1d, see ANOVA Output Tables in Appendix A).
Unshaded plants allocated a greater fraction of their biomass to roots than shaded plants. The root:shoot
ratio was higher for unshaded plants when non-mycorrhizal (t = 3.6, p = 0.0052) and when mycorrhizal (t
= 5.1, p = 0.00046) (Table 1).
ANOVA showed significant interaction between light and soil biota for biomass (Table 3) and shoot biomass
(Table 5). Interaction for these variables visualized in Figure 1.
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3.2 Leaf Characteristics
Specific leaf area did not differ within light treatments (F = 0.054, p = 0.82) or soil biota treatments (F =
0.26, p = 0.61).
The length of the longest leaf differed between light treatments when plants were grown with AMF (F = 10,
p = 0.0028. Mycorrhizal, shaded plants’ longest leaves had a mean length of 22.4(±1.6) cm, 30% longer than
those of unshaded mycorrhizal plants (t = -2.9, p = 0.018). Longest leaf length did not differ between light
treatments in non-mycorrhizal plants (t = -1.9, p = 0.094), though shaded plants did have longer leaves on
average (Table 2).
Soil biota was not a significant factor in determining the length from the bottom of a leaf to its first lobe (F
= 0.015, p = 0.90).
ANOVA showed that light was a significant factor for the length to the first lobe (F = 4.6, p = 0.039).
However, subsequent paired t-tests did not show significant differences between light treatments in either
mycorrhizal plants (t = -2.1, p = 0.063) or in non-mycorrhizal plants (t = -0.92, p = 0.38). The length from
the bottom of the leaf to the first lobe was, on average, longer in shaded plants (Table 2).
3.3 Confirmation of Soil Biota Treatment
I looked for evidence of colonization on root segments from 10 plants. Of this limited sample, three plants
were mycorrhizal and unshaded, four were mycorrhizal and shaded, two were non-mycorrhizal and unshaded
and one was non-mycorrhizal and unshaded. I read one slide (two coverslips) of each of these plants, except
for one shaded mycorrhizal plant for which I read two slides.
I found no evidence of colonization on all three non-mycorrhizal root slides.
I found evidence of colonization on 7 of 8 mycorrhizal root slides, and 7 of 7 mycorrhizal plants. On average,
40% of root segments from mycorrhizal plants had evidence of colonization. Due to the limited number of
slides read, it is not possible to determine whether colonization differed among shaded and unshaded plants.
Photos from selected slides available in Appendix B.
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3.4 Confirmation of Light Treatment
Paired light availability measurements collected throughout the summer showed that unshaded plants consis-
tently received more light than shaded plants in the same block and soil biota treatment (Figure 2), though
the magnitude of this difference was considerably variable.
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3.5 Tables
Table 1: Differences in biomass variables between unshaded and shaded plants in two different soil biota
treatments. Means are ± standard error. Differences according to paired t-test, where n=10, α = .05. p
significance codes: *p < 0.05, **p < 0.01, ***p < 0.001
Biomass (g) Shoot Mass (g) Root Mass (g) Root:Shoot




















Shaded 2.22 ±0.37 1.01 ±0.096 1.21 ±0.31 1.15 ±0.22
Table 2: Differences in leaf characteristics between shaded and unshaded plants in two soil biota treatments.
Leaf length was measured on the longest leaf of each plant. Length to first lobe was measured from the base
of the longest leaf to the bottom of its first lobe. Means are ± standard error. No significant differences were
found for specific leaf area, ANOVA results shown. Differences for leaf length and lobe length according to
paired t-test, n=10, α = 0.05. p significance codes: *p < 0.05, **p < 0.01, ***p < 0.001
SLA (cmˆ2/g) Leaf Length (cm) Length to First Lobe (cm)








Shaded 136.8 ±8.64 22.4 ±1.6 11.3 ±1.2
No AMF










Figure 1: Comparison of plants grown with and without AMF in two different light treatments. Error bars
show ± standard error. n=10 for each treatment combination. Interaction between light and soil biota was
significant for biomass (a)(F = 4.3, p = 0.033) and for shoot mass (b)(F = 11.3, p = 0.0019)
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Figure 2: Photosynthetically active radiation readings above shaded plants are plotted against unshaded
neighbors. Readings were taken at various times of the day between July and Auguest 2017. The red line is
a one to one line.
4 Discussion
4.1 Negative Mycorrhizal Growth Response
I hypothesized that when light availability was high, plants would benefit more from mycorrhizal association.
To the contrary, biomass was lower for mycorrhizal plants compared to non-mycorrhizal plants, and only
when light availability was high. Although this result is unexpected, it offers valuable information about the
experimental conditions, and provides direction for future research.
There are multiple possible reasons for a negative MGR. Low light availability for instance, can mean the
plant is contributing more photosynthate to the fungi than it can spare without consequences (Johnson
et al., 1997). Because my unshaded treatment light availability was well above the thresholds identified
by other researchers for dampened or negative MGR (Konvalinková and Jansa, 2016) this does not seem
likely. Further, because shaded plants did not show evidence of a negative MGR, I can safely rule out this
possibility.
A micro-nutrient deficiency could also be involved. Though not thoroughly studied, there is evidence that
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Zn deficiency in Oriza sativa may lead to a negative MGR (Correa, 2017). However, this result does not hold
true for some other herbaceous species (Shirmohammadi and Aliasgharzad, 2013), so whether micronutrients
influence MGR in Centaurea spp. remains unclear. I observed symptoms of nutrient deficiencies in many
plants such as yellow venation and necrotic spots (Appendix C).
Another explanation is that my potting mix was too nutrient rich. Though the addition of sand and turface
should have lowered the overall nutrient content of the potting mix, the nutrient content of the original whole
soil remains unknown. Sufficient availability of P, such that AMF is unnecessary to the plant, is a well-studied
situation (Johnson et al., 1997). This soil condition supports a parasitic relationship because colonization
may occur regardless of nutrient availability, meaning the plant is contributing photosynthate with little
benefit in return. Colonization in part depends on whether the species of AMF in the soil is an aggressive
colonizer. These species are more likely to form a parasitic association when P availability is high (Graham
and Abbott, 2000). Given that I found evidence of colonization in AMF inoculated plants, parasitism
resulting from high P availability and enhanced by aggressive colonization is a reasonable explanation for
the negative MGR observed.
4.2 Soil Biota Interaction with Light
Whatever the cause of the negative MGR may be, my results clearly demonstrate that light influences the
MGR in knapweed. Plant growth response to light availability was strong, both in terms of leaf length and
biomass. That unshaded plants had greater biomass and less etiolation than shaded plants indicates that
unshaded plants were successful in producing more biomass, and that they allocated that biomass differently
than shaded plants. So, if shaded plants had lower rates of photosynthesis, and produced less biomass,
perhaps they contributed insignificant photosynthate to the fungi, resulting in a neutralism. Though I did
not quantify photosynthate transfer to the fungi, previous research has found that plants grown in higher
light intensities have more soluble carbohydrates in their roots (Hayman, 1974).
Of the slides I read, both shaded and unshaded plants were colonized. This does not provide concrete
information on nutrient or photosynthate transfer, which may clarify the reason I observed interaction
between light and soil biota. As a review of previous studies (Konvalinková and Jansa, 2016) on light
limitation in AMF associations points out, there are numerous cases where light availability increases MGR
but has no effect on percent colonization.
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4.3 Future Research
The next stage of analysis for this research will focus on nutrient analysis and microscopy. Determining
the nutrient content (especially P) of my potting mix will illuminate whether the growing medium was too
nutrient rich for the mycorrhiza to be beneficial for the plant. Measuring the nutrient content of shoot
matter would also aid interpretation of biomass data, because it can be treated as a proxy for nutrient
transfer from the fungi (Tester, Smith, and Smith, 1985). Finding that P content of leaves did not differ
between mycorrhizal and non-mycorrhizal plants would then indicate that mycorrhizae were not necessary
for P uptake.
To better assess the mycorrhizal colonization activities, I will quantify colonization of all plants using the
grid-line intersect method. Additionally, it may be advantageous to identify present AMF species using
PCR. This could explain whether aggressive colonizers are partially responsible for the observed MGR, as
described by Graham and Abbott (2000).
Finally, the results I have presented so far may be consequential to other greenhouse experiments. Despite
uncertainty in the specific reasons for the interaction I observed between light and fungi, I can conclude
that the interaction is likely to be important to future greenhouse studies of spotted knapweed. Further, I
conclude that in some greenhouses, light availability may be below the PAR threshold where this interaction
is important. Researchers studying this association should therefore consider measuring PAR to guide their
experimental design.
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A ANOVA Tables
Table 3: Biomass ANOVA results
Df Sum Sq Mean Sq F value Pr(>F)
Soil Biota 1 4.23 4.23 4.86 0.0342
Light 1 25.73 25.73 29.51 4.325e-06
Block 1 0.31 0.31 0.35 0.5569
Biota:Light 1 4.26 4.26 4.89 0.0337
Residuals 35 30.51 0.87
Table 4: Root mass ANOVA results
Df Sum Sq Mean Sq F value Pr(>F)
Soil Biota 1 3.54 3.54 5.55 0.0242
Light 1 20.78 20.78 32.59 1.871e-06
Block 1 0.00 0.00 0.01 0.9425
Biota:Light 1 1.67 1.67 2.62 0.1142
Residuals 35 22.32 0.64
Table 5: Shoot mass ANOVA results
Df Sum Sq Mean Sq F value Pr(>F)
Soil Biota 1 0.03 0.03 0.59 0.4488
Light 1 0.26 0.26 5.03 0.0313
Block 1 0.25 0.25 4.68 0.0374
Biota:Light 1 0.59 0.59 11.30 0.0019
Residuals 35 1.84 0.05
Table 6: Root:shoot ratio ANOVA results
Df Sum Sq Mean Sq F value Pr(>F)
Soil Biota 1 1.04 1.04 3.11 0.0864
Light 1 10.36 10.36 31.05 2.83e-06
Block 1 0.49 0.49 1.46 0.2352
Biota:Light 1 0.01 0.01 0.03 0.8626
Residuals 35 11.67 0.33
Table 7: Specific leaf area ANOVA results
Df Sum Sq Mean Sq F value Pr(>F)
Soil Biota 1 406.17 406.17 0.27 0.6093
Light 1 82.85 82.85 0.05 0.8172
Block 1 658.96 658.96 0.43 0.5156
Biota:Light 1 1519.49 1519.49 0.99 0.3254
Residuals 35 53458.14 1527.38
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Table 8: Leaf length ANOVA results
Df Sum Sq Mean Sq F value Pr(>F)
Soil Biota 1 6.24 6.24 0.37 0.5447
Light 1 172.22 172.22 10.32 0.0028
Block 1 0.09 0.09 0.01 0.9413
Biota:Light 1 12.77 12.77 0.77 0.3876
Residuals 35 583.83 16.68
Table 9: Length to nearest lobe ANOVA results
Df Sum Sq Mean Sq F value Pr(>F)
Soil Biota 1 0.17 0.17 0.01 0.9036
Light 1 51.98 51.98 4.58 0.0394
Block 1 15.19 15.19 1.34 0.2553
Biota:light 1 3.97 3.97 0.35 0.5582
Residuals 35 397.47 11.36
B Selected Microscopy Photos
Figure 3: Extraradical spore of unknown AMF sp. and colonization of unshaded mycorrhizal plant
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Figure 4: Vesicle (V) and hyphae of unknown AMF sp. in root of unshaded mycorrhizal plant
Figure 5: Numerous hyphae colonizing unshaded mycorrhizal plant
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